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A time-domain simulator tool is described, which has been developed to simulate optical
beamforming systems for phased array antennas. A pilot application employing airborne
satellite reception of digital video broadcasting is discussed, to which the requirements
of the simulator are matched. Results are presented for a linear antenna array with eight
antenna elements. The simulator tool can be generalized to other signal processing appli-
cations in RF photonics, such as beamforming for radio astronomy or sideband-filtering,
making it a widely usable simulator.
1 Introduction
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Figure 1: Beamforming opera-
tion for a phased array antenna
The reception of a satellite signal on an airplane
can be performed by means of a phased array an-
tenna (PAA) [1]. A PAA consists of a large number of
small antenna elements (AEs) and can be used to obtain
the same capabilities as a large mechanically steerable
antenna. A PAA has several advantages over a mechan-
ically steerable antenna concerning size and maintain-
ability (since no mechanical moving parts are used), as
well as reduced aerodynamical drag.
The signal from each individual AE consists of a time-
delayed version of the desired satellite signal, together
with possible time-delayed versions of undesired sig-
nals. The specific time delay between the desired satellite signals depend on the geomet-
rical distribution of the AEs and the direction of the incoming wave front. The difference
in time delay T between two adjacent AEs on a flat PAA is calculated by
T =
d sin(θ)
c
, (1)
where d is the distance between the AEs, c is the speed of light and θ is the deviating angle
from broadside, as shown in Figure 1. Each signal must be delayed by the appropriate
amount of time, such that the signals can be combined coherently. The operations of
delaying and combining are carried out by the beamformer.
When discussing the reception of satellite signals on a moving aircraft (or other mobile
platforms), continuous steering and a large instantaneous bandwidth are of utmost impor-
tance to be able to receive broadband signals from any direction [1]–[3]. For narrowband
systems it is possible to delay signals by means of phase shifters. However, for broadband
systems this will result in a frequency-dependent beam angle and shape (beam squint). By
means of optical ring resonators (ORRs), true time delays can be provided for broadband
signals, with continuous tunability [2], [3]. These ORRs are embedded in an optical
beamforming network (OBFN).
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Figure 2: System overview (PAA=phased array antenna, LNB=low-noise block,
E/O=electrical/optical conversion, OBFN=optical beamforming network, OSBF=optical
sideband filter, O/E=optical/electrical conversion)
The paper is organized as follows. In Section 2 a short overview will be given of the
system employing airborne satellite reception. Next, in Section 3 a short analysis will be
given on the delay elements, formed by ORRs, and the advantages of simulation. Sec-
tion 4 will continue with a description of the simulation software and the accompanying
signal representation. A discussion on the simulation results is presented in Section 5,
and we will finish with a conclusion in Section 6.
2 System overview
The system overview is given in Figure 2. The system can be split up in an electrical
part and an optical part, where the actual beamforming operation is performed in the
optical part. First, the satellite signals received by the AEs in the PAA are downconverted
to IF (950–2150 MHz) by means of low-noise blocks (LNBs). Next, the IF signals are
converted to the optical domain by means of single-sideband suppressed-carrier (SSB-
SC) modulation, using Mach-Zehnder modulators (MZMs) with carrier suppression, and
a common optical sideband filter (OSBF) after the OBFN. A modulation scheme such
as SSB-SC relaxes the constraints on the OBFN, in terms of bandwidth, resulting in a
lower complexity. The beamforming operation is performed in the OBFN on an optical
signal bandwidth, equal to the IF bandwidth. The OBFN consists of combiners and ORR-
based delay elements, as shown in Figure 3(a). After the reinsertion of the optical carrier,
a balanced detection method is used to convert the signal back to the electrical domain
while suppressing the intensity noise of the laser [4]. A more detailed schematic of the
optical beamformer is given in Figure 3(b). The final step is the decoding of the signal,
after selection of the desired subcarrier of the digital video broadcasting (DVB) signal.
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(a) An OBFN structure consisting of 8 inputs and
1 output, employing 8 ORRs
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(b) Schematic view of the optical beamformer,
that includes the E/O conversion and O/E conver-
sion
Figure 3: The optical beamformer and the optical beamforming network
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A more detailed description on the system can be found in [2], [3]. The feasibility of the
system is also illustrated by experimental results presented in [5]–[7].
3 Analysis
The ORRS are the delay elements that are used to synchronize the AE signals in the
OBFN. An ideal ORR acts as an optical all-pass filter, which is characterized by a unity
magnitude response. The effective time delay to the RF signal that is modulated on the
optical carrier is given by the group delay response. The delay response is periodic and
is repeating every free spectral range (FSR). The FSR equals the inverse of the roundtrip
time (RTT) of the ORR. The theoretical group delay response is found by differentiating
the phase response and is given by [5]
τg( f ) = κ .RTT2−κ−2√1−κ cos(2π f RTT+φ) . (2)
Within one FSR of the group delay response a peak is centered at the resonance , as shown
in Figure 4(a). The delay response shows an inherent trade-off between the peak delay
value and the width of the peak, as a result of the constant area underneath the delay curve
in a single FSR [4].
For a broadband RF signal a single ORR may not provide enough delay bandwidth. When
multiple ORRs are cascaded their individual group delay responses can be superposed to
form a response with sufficient bandwidth. By tuning the rings properly, a response with
a flattened delay band can be achieved, as shown in Figure 4(b).
4 Simulation software and model
LabVIEW [8] offers a good simulation environment for the development of the simula-
tor tool. Unlike dedicated software packages, LabVIEW offers flexibility in specifying
the signal representation. This enables a suitable optical signal representation, such that
interference effects can be simulated, and is convenient for simulation concerning multi-
ple domains (electrical/optical), as required in RF photonic applications such as optical
beamforming. Furthermore, LabVIEW offers an excellent interface with hardware com-
ponents, such that –in future work– experimental demonstrators can be used as being part
of the simulation model. The simulator tool is developed in the time domain to be able
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(a) Group delay ORR, showing a trade-off
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(b) Individual and combined group delay responses of
three cascaded ORRs
Figure 4: Optical ring resonator (ORR) group delay responses
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to investigate the performance on individual symbols, and understand the influence of
random noise signals on the system performance.
Once a suitable signal description is found, the discrete-time equivalents of continuous
signals are obtained by means of sampling. According to Nyquist’s criterion, a signal that
has an absolute bandwidth of B Hz is completely described by specifying its values at
time instants separated by Ts seconds, provided that Ts ≤ 1/(2B).
For an optical signal the absolute bandwidth is inherently high, even if the signals them-
selves are narrowband. This is a result from the optical carrier having a high frequency.
For an optical wavelength of 1550 nm, the carrier frequency is approximately 194 THz.
According to the DVB standard, each channel has a bandwidth of 33 MHz and the cor-
responding transmission symbol rate can be found using the ratio BW/Rsymb = 1.28 [9].
This means that for a datastream having a symbol rate of 25.8 Mbaud, the simulation
would require
fs
Rsymb
≈ 2×194 ·10
12
25.8 ·106 ≈ 15 Msamples/symbol. (3)
Such a high sample rate puts severe constraints on the simulation tool, in terms of compu-
tational time, as a result of the many samples that must be processed. Using an equivalent
baseband description, the absolute bandwidth can be reduced to the signal bandwidth [10].
Especially for narrowband bandpass systems, a lot can be gained by using such an ap-
proach. The equivalent baseband description is obtained by taking the complex envelope
of the signal, which contains all information except the carrier frequency. Note that the
carrier frequency can have any value, but that the absolute bandwidth of the complex
envelope is minimized by choosing the carrier frequency in the center of the bandpass
spectrum.
Using the baseband description we can find another minimum sampling rate for the signal
to be represented correctly. Since the double sideband (DSB) bandwidth of the IF signal
modulated on the optical carrier is (2×2150 =) 4300 MHz, the highest frequency com-
ponent in the complex envelope is 2150 MHz. The minimum sampling rate must be at
least twice that, being 4300 MHz. However, in order to be able to model each component
in the system correct and accurately, a higher sampling frequency is needed.
To be able to simulate the exact behavior of the ORRs, the sampling rate must be matched
to or be an integer multiple of the FSR (13.4 GHz) of the ORRs. A sampling rate of
13.4 GHz is high enough to encompass the signal bandwidth, according to Nyquist’s cri-
terion, and is therefore a suitable choice. By reevaluating (3) for the new sample frequency
of 13.4 GHz, a number of approximately 519 samples per symbol is found. Compared
to the previous number of 15 Msamples per symbol, this shows quite an improvement.
A fixed sample rate is used in the simulation model to circumvent the necessity for the
laborious operations of upconversion and downconversion.
Based on this discrete-time representation, the models were implemented in LabVIEW.
The simulation model comprises a dynamical implementation of the OBFN, such that
beamforming can be performed for any number of AEs. The settings that are required
for the delay elements in the OBFN are automatically generated, based on the time delay
difference between individual AEs. The satellite signals and (sky) noise are modeled as
well, to be able to use a realistic context to test the system and do performance evaluations.
The reception of the satellite signal by the AEs results in multiple signals which are time-
delayed versions of each other. Phase shifts are a suitable way to simulate these delays,
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enabling simulations for any angle of incidence. The distortion introduced by phase shifts
is minimized by phase-shifting each subcarrier of the satellite signal separately. Further-
more, the sky noise signals are realized by sample shifts, since these are broadband. To
be able to realize the correct delays, the noise is generated at a higher sample frequency,
delayed and subsequently downsampled to match the system sample frequency. In this
way a suitable context signal is generated, consisting of the desired signal and sky noise,
which can be used for simulation using PAAs [2].
5 Results
Several simulations were executed using a linear antenna array with eight AEs. Therefore,
an 8×1 OBFN in a binary tree configuration is used to synchronize the signals, as shown
in Figure 3(a). The individual delay responses for each input are shown in Figure 5(a).
The bandwidth of the delay curves encompasses the IF bandwidth of the AE signals.
Note that the normalized delays are not evenly spaced, which results from the fact that,
for each ORR, a minimum normalized delay of 1 RTT is introduced. Because the signals
are only synchronized and combined correctly for a single sideband, the faulty sideband
of the resulting signal is filtered out by means of the OSBF, as shown in Figure 5(b). In
the figure it is shown that the left sideband is almost completely unattenuated, whereas
the right sideband is almost completely removed, which is expected from the frequency
response in the figure.
After the IF signals are converted to the optical domain, the signals must be synchronized
and combined by the operation of the OBFN. The magnitude of the complex envelope for
both a single input and the output of the OBFN is shown in Figure 5(c). As a result of the
coherent combining in the OBFN, the input signals are added in amplitude.
6 Conclusions
A (profound) time-domain simulator tool has been realized, being able to simulate multi-
domain applications in RF photonics. Its usability has been tested for optical beamform-
(a) Group delay response of the
OBFN, showing the delay paths
for each of the AE signals. In-
creasing peak delays correspond
to increasing input port numbers.
Note that the first path has been
taken as the reference path.
(b) Magnitude response of the
OSBF (black), with the negated
and scaled spectra of the signals
before (green) and after (red) fil-
tering added to the figure.
Time
Am
pl
itu
de
(c) Magnitude of the complex en-
velope of a single OBFN input
(dashed), and the magnitude of
the OBFN output (solid) for a
random datastream.
Figure 5: Simulation results for a linear antenna array with 8 AEs
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ing, of which the results were presented. The models of the individual components have
been tested to match their theoretical responses. In future work the simulation results will
be compared with actual measurements presented in [5]–[7]. The combination of theory,
measurements and simulations will result in a comprehensive understanding of optical
beamformers and allows for full-size system evaluations with more than 2,000 AEs.
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